Multiferroic materials, in particular, ferroelectromagnets (materials simultaneously exhibiting ferroelectricity with a magnetic order [1-3]), are of high interest for their potential applications in the field of spintronics, data-storage media [3] and multiple-state memories [4] . Among the most important characteristics needed for multiferroic films to be used in these applications are high remanent polarization, low leakage current, high fatigue endurance and high saturation magnetization. One of the most investigated multiferroics is BiFeO 3 (BFO), which also happens to be one of the rare materials that are ferroelectromagnetic at room temperature. BFO is ferroelectric and antiferromagnetic (G-type) with both electrical and magnetic ordering temperatures well above room temperature (the Curie temperature T C ≈ 1103 K and the Neel temperature T N ≈ 643 K) [5] . Moreover, BFO exhibits weak ferromagnetism at room temperature originating in a canted spin structure [6] . BFO is thus of particular interest for practical applications. In the bulk form, BFO has a rhombohedrally distorted double-perovskite structure along the [1 1 1] direction (a pseudo-perovskite unit cell: a = b = c = 3.962 Å, α = 89.40
(Some figures in this article are in colour only in the electronic version) Multiferroic materials, in particular, ferroelectromagnets (materials simultaneously exhibiting ferroelectricity with a magnetic order [1] [2] [3] ), are of high interest for their potential applications in the field of spintronics, data-storage media [3] and multiple-state memories [4] . Among the most important characteristics needed for multiferroic films to be used in these applications are high remanent polarization, low leakage current, high fatigue endurance and high saturation magnetization. One of the most investigated multiferroics is BiFeO 3 (BFO), which also happens to be one of the rare materials that are ferroelectromagnetic at room temperature. BFO is ferroelectric and antiferromagnetic (G-type) with both electrical and magnetic ordering temperatures well above room temperature (the Curie temperature T C ≈ 1103 K and the Neel temperature T N ≈ 643 K) [5] . Moreover, BFO exhibits weak ferromagnetism at room temperature originating in a canted spin structure [6] . BFO is thus of particular interest for practical applications. In the bulk form, BFO has a rhombohedrally distorted double-perovskite structure along the [1 1 1] direction (a pseudo-perovskite unit cell: a = b = c = 3.962 Å, α = 89. 40 • , space group R3c) [7] . BFO films typically exhibit a high leakage current, which has been attributed to sample defects and non-stoichiometry which hamper high polarization and acceptable electrical coercive field values. Several research groups succeeded, however, in achieving BFO high-quality films [8] [9] [10] as well as a bulk single crystal [11] with high remanent polarization values. In addition to often exhibiting a sizable leakage current, a controversy about the origins of magnetism in epitaxial BFO strained thin films has emerged [12] [13] [14] . It has been suggested that the main origin of the high magnetization observed in BFO thin films is the presence of the secondary phase γ -Fe 2 O 3 (FO, maghemite), in quantities large enough to have a sizable contribution to magnetization, but in quantities too small to be detectable by x-ray diffraction (XRD) [14] . FO is a ferrimagnetic cubic defective spinel (a cubic unit cell: a = b = c = 8.3515 Å, space group Fd-3m, T C ≈ 920 K) [15] of practical interest for application in highdensity magnetic storage [16] . Bea et al showed that single phase epitaxial BFO thin films are obtained only for films with reduced thicknesses and in a limited range of synthesis conditions. When the deposition parameters lie outside the optimal window, secondary phases (mainly oxides of iron or bismuth) are likely to develop when the interfacial incoherence with the underlying substrates increases (i.e. when the films cease to be fully strained and start to relax) [13, 14] .
Attempts to improve BFO multiferroic properties, either by using various dopants, such as Nd [17] , La [18] , Ba [19] , Ti [20] [17, 19, 20] have been reported. From all the reported works, it can be concluded that doping suppresses the inhomogeneous magnetic spin structure and/or increases the canting angle, while the insulating underlayers reduce the leakage current in the BFO-based heterostructures. Moreover, the ferroelectric fatigue observed in the BFO bulk single crystal [11] is still partially present in most of the BFO-based thin film systems [18, 21] that exhibit acceptable polarization values (the polarization decreases by more than 13% after 10 8 switching cycles). On the other hand, La-substituted Bi 4 Ti 3 O 12 (BLT) layers were also found to significantly improve the fatigue resistance of Pb(Zr 1−x , Ti x )O 3 (PZT) films [23] .
We demonstrate here that using an epitaxial layer of the appropriate material, under the BFO layer, which has a high lattice mismatch with it, not only is the leakage current drastically reduced and fatigue of the bi-layer prevented but also the magnetization of the bi-layer is increased. Specifically, by furthermore selecting a high substrate temperature and a suitable thickness of the BFO layer, the latter relaxes and epitaxial inclusions of α-or γ -Fe 2 O 3 develop within the epitaxial BFO [13, 14, 24] . Since the lattice parameter of the perovskite blocks of BLT estimated from the pseudoorthorhombic crystal structure (a BLT perov =a BLT / √ 2 ≈ 3.83 Å) [25] is significantly smaller than that of BFO (a BFO c ≈ 3.96 Å) [7] , we have chosen BLT to be the layer under BFO, expecting a high interface incoherence between BFO and BLT epitaxial thin films to promote the development of a maghemite secondary phase. The presence of epitaxial γ -Fe 2 O 3 inclusions within the BFO generates a magnetic composite that enhance the magnetization of the γ -Fe 2 O 3 -BFO/BLT composite bi-layer, while simultaneously exploiting the good insulating barrier properties of BLT. Besides exhibiting a reasonable spontaneous polarization value (similar to the reported BFO/BLT polycrystalline bi-layers [21] ), BLT also provides an enhancement in the resistance to ferroelectric fatigue of the heterostructure.
In this communication, we report the fabrication of epitaxial composite γ - (1 1 1) pseudocubic orientation of BFO has been chosen, so that the direction of P S in BFO (i.e. [1 1 1] ) is perpendicular to the plane of the layers. All the layers (BFO, BFO-FO, BLT and SRO) were prepared on STO single crystal substrates by PLD in a single deposition run using a KrF excimer laser (λ = 248 nm) and stoichiometry ceramic targets of BiFeO 3 , La-substituted Bi 4 Ti 3 O 12 and SrRuO 3 . In order to favour the epitaxial maghemite outgrowth embedded in the epitaxial BFO layers [13, 14] the substrate temperature was 700
• C for the deposition of all layers except for the deposition of thin films of the BFO single phase that were deposited at 580
• C [13, 14] . Oxygen pressures were set at 20 mTorr, 300 mTorr and 100 mTorr for BFO (and BFO-FO), BLT and SRO layers, respectively. After deposition, the samples were cooled down to 400
• C at a rate of 5
• C min −1 in 1350 mTorr of oxygen and then annealed for 1 h at this temperature before being cooled to room temperature. The thicknesses, estimated using a Dektak 3030 profilometer, were 200 nm for all the BFO,BFO-FO and BLT layers. This thickness was found to be optimal for favouring the relaxation of the BFO phase and thus for promoting the development of the maghemite phase [13, 14, 24] . The crystallographic structure and orientation of the various phases were characterized by XRD θ -2θ and ø-scans (PANalytical X'Pert MRD four-circle diffractometer using Cu Kα radiation). Pt top electrodes were deposited by PLD through a metallic shadow mask in order to perform electrical characterization. Macroscopic ferroelectric properties were measured at room temperature using a ferroelectric tester (TFA 2000, AixACCT Systems GmbH). The magnetic properties of the films were investigated using a quantum design physical property measurement system (PPMS) and the dc extraction method with a sensitivity of 2 × 10 −5 emu. figure 1(b) . Three peaks every 120
• , indicating the expected three-fold symmetry on STO (1 1 1) for the (1 1 1) oriented epitaxial BFO matrix and (1 1 1) oriented FO epitaxial inclusions, and three azimuthal domain variants of BLT for the (1 0 4)-oriented BLT layer on STO (1 1 1) [26] , can be clearly seen at the same ø positions for both BFO-FO and BLT layers and for the STO substrate. This indicates that all layers were successfully grown epitaxially and that the FO phase that developed in the BFO matrix is embedded in the form of epitaxial inclusions.
To determine the Fe oxidation state of the BFO-FO layer in the composite bi-layer we analysed them by x-ray photoelectron spectroscopy (XPS) and scans of the Fe 2p line are presented in figure 1(c) . The position of the Fe 2p 3/2 peak is expected at 711 eV with a satellite peak at 719 eV for Fe 3+ and at 709.5 eV with a satellite peak at 719 eV for Fe 2+ [15] . The deconvoluted peaks shown in figure 1(c) have been evaluated using the background subtraction and fit procedure reported for iron oxide in [27] . The resulting best fit demonstrates that only Fe 3+ states and no Fe 2+ states are observed in the BFO-FO layer. Moreover, the best fit obtained is similar to the Fe 2 O 3 spectra shape reported in [28] and not to that of Fe 3 O 4 also reported in the same reference. Since the iron valence is 3+ in Fe 2 O 3 and in BiFeO 3 [16] , whereas in Fe 3 O 4 , 2/3 of the iron valence is 3+ and 1/3 of the iron ions are in a 2+ state [29, 30] , the XPS results exclude the presence of the Fe 3 O 4 magnetite phase in the composite bi-layers. The additional contributions that are not taken into account in the fitted spectra, and that are visible in the Fe2p 3/2 and Fe2p 1/2 peaks of the measured spectra at lower binding energies, correspond to tetrahedral Fe 3+ features. Since the Fe 3+ ions occupy both octahedral and tetrahedral sites in γ -Fe 2 O 3 , the measured spectra indicate that γ -Fe 2 O 3 is the most probable phase that is present within the BFO-FO composite layer.
The location and distribution of the different phases in the depth of the heterostructure was analysed by annular dark field scanning transmission electron microscopy (ADF-STEM) and STEM-energy dispersive x-ray spectroscopy element mapping for Fe and Bi as shown in figure 2 . A schematic representation of the bi-layer cross-section is shown in figure 2 [31] .
The ferroelectric properties of our films are shown in figures 3(a)-(d). The hysteresis loops ( figure 3(a) and (b) ) were recorded at 5 kHz with a maximum applied electric field up to 620 kV cm −1 . The measured remanent polarization (P r ) and coercive field (E c ) values for the BLT layer alone are P r = 10 µC cm −2 and E c = 190 kV cm −1 , respectively, in good agreement with the reported ferroelectric characteristics for BLT thin films [14, 29] . The P r and E c values for the BFO layer alone were 58 µC cm −2 and 300 kV cm −1 , respectively. While the coercive field measured for BFO is in good agreement with the values commonly reported [10, 30] , the remanent polarization is slightly lower than the best reported values for (1 1 1)-oriented BFO thin films [30, 32] . This is essentially because we could not apply a larger electric field to get fully saturated polarization in the BFO films, due to their high leakage current, as seen in figure 3(b) . For the BFO a conductive component in the current loop is clearly visible, in contrast to the current loops of the BLT and BFO-FO/BLT, which exhibit only the component due to polarization switching and linear capacitance. Leakage current measurements presented in figure 3(c) confirm that, indeed, at a field of 200 kV cm −1 the current density J for the BFO layer is already as high as J = 10 −3 A cm −2 and increases to 10 −1 A cm −2 at 500 kV cm −1 (not shown).
In the case of the BFO-FO/BLT composite bi-layers, the leakage current density is reduced by two orders of magnitude compared with BFO alone, down to 10
at 500 kV cm −1 , which is of the same order of magnitude as for BLT alone [33] . This can be explained by the compensation of space charges in the BFO layer by the (Bi 2 O 2 ) 2+ planes of the BLT layer structure [23, 34, 35] , preventing space charge migration towards the SRO bottom electrode. The insulating properties of the epitaxial maghemite inclusions [36] present in the BFO-FO composite layer could also contribute to explaining the low leakage current observed. Hence, for BFO-FO/BLT composite bi-layers,we found P r = 20 µC cm −2 and E c = 205 kV cm −1 . A significant reduction in the coercive field compared with the value for a BFO single layer is observed and the remanent polarization is twice as large as the one of the BLT single layer. It is worth noting that this is in contrast to the improvement recently reported for the polycrystalline BFO/BLT bi-layer obtained by metal organic decomposition, where the remanent polarization of the BFO/BLT bi-layer was apparently higher than that of the BFO single layer [22] . In our case, the polarization reduction might originate from the fact that epitaxial maghemite inclusions present within the FO-BFO composite layer reduce the effective ferroelectric area.
The endurance to ferroelectric fatigue was examined for all heterostructures by submitting them to periodic voltage pulses of 10 V at 1 MHz (corresponding to an electric field applied to the composite bi-layer of 250 kV cm −1 ; see figure 3(d)). As expected, BLT single layers do not show any significant polarization degradation up to 10 8 switching cycles. In contrast, the BFO films (BFO alone) showed a reduction of 10% after 2 × 10 6 switching cycles followed by a breakdown probably due to degradations caused by the high leakage current. This poor resistance to fatigue of our BFO films is, however, still superior to the 40% degradation after 20 switching cycles observed in bulk single crystal [11] . In addition to their good ferroelectric properties, our BFO-FO/BLT composite bi-layers also demonstrated an excellent fatigue endurance, with less than 1% polarization reduction upon cycling the ferroelectric polarization up to 10 8 switching cycles, which is much better than the BSVT bi-layered structure reported earlier [21] , clearly demonstrating the superior insulating properties of BLT. Moreover, from the hysteresis loops before and after fatigue (not shown), we also conclude that the leakage current did not increase after fatigue.
The magnetic behaviour of the films and of the composite bi-layers at room temperature is summarized in figure 3(e) . For the heterostructures, we calculated the magnetization per unit volume using the volume of BFO and FO phases. Since BLT is not magnetic, it is clear that the composite BFO-FO layer has a much higher magnetization than that of the BFO single layer, for which we measured a saturation magnetization of M BFO s = 13 emu cm −3 (similar to [9, 21, 22] ). The most remarkable feature of our BFO films is the complete absence of magnetic hysteresis (zero remanent magnetization) pointing to a homogeneous antiferromagnetic spin state, revealing the high quality of the phase pure BFO and its fully relaxed state [30] . For the composite BFO-FO layer, we measured a significantly higher saturation magnetization M s = 55 emu cm −3 that we attribute to the epitaxial γ -Fe 2 O 3 inclusions [13, 14, 24] . The BFO-FO composite layers have therefore excellent magnetic properties that surpass those of BFO, without affecting too much their ferroelectric properties.
It has been reported that for perovskite-spinel composites where lateral epitaxy can develop, theoretical thermodynamic analysis [37] [38] [39] predicts strong elastic interactions between the two phases promoting a high magnetoelectric coupling [31, 40, 41] .
Hence, since in BFO-FO/BLT composite bi-layers epitaxial magnetic maghemite inclusions are regularly and epitaxially embedded transversally in a ferroelectric epitaxial BFO matrix (cf figure 2), our heteroepitaxial structure is a promising candidate to achieve a high magnetoelectric coefficient.
In summary, epitaxial BFO-FO/BLT composite bi-layers have been grown on SrRuO 3 coated SrTiO 3 (1 1 1) substrates by pulsed laser deposition and their structural, electrical and magnetic properties have been measured and compared with those of individual BLT and BFO thin films. The BFO-FO/BLT composite bi-layers exhibit a low coercive electric field: E c = 205 kV cm −1 , a higher remanent polarization than that for BLT films: P r = 20 µC cm −2 , and a large magnetization M s = 55 emu cm −3 . Additionally, they exhibit a low leakage current and a good ferroelectric fatigue endurance. The electrical improvements are ascribed to the lower BLT layer, acting as a barrier for the migration of space charges (originating in the BFO layer) towards the electrode. The magnetic enhancements were achieved by promoting the epitaxial intergrowth of the maghemite phase within the BFO matrix of the BFO-FO/BLT heterostructure.
